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Introduction
Necking is an undesirable surface defect in components made from sheet metals, so limits in sheet metal forming are more often controlled by localized necking rather than fracture [1] . However, under strain paths near balanced biaxial stretching or for some specific circumstances (e.g. deep drawn and stretched parts with complex geometries and high strain gradients) ductile fracture can be induced before the onset of localized necking. Besides, in case of materials with low ductility, fracture can often occur without any obvious necking phenomenon [2, 3] . In that case, the limit strains controlled by fracture rather than the limit strains controlled by necking characterize the formability. Figure 1 shows the schematic diagram of the forming limit curve at necking (FLCN) and forming limit curve at fracture (FLCF). For a given initial strain path, after the onset of strain localization, the material forms a necking and continues to deform under an almost plane-strain path up to fracture. For describing the forming limits by fracture under different strain paths, the traditional FLCN is inapplicable and the FLCF should be employed [4] . If necking appears before fracture, the plastic instability induces a fast thinning down of the sheet and then fracture. Classically, FLCF have been defined by a curve parallel to the FLCN but this representation is very simplistic and not appropriate to describe the actual limits of materials. Recently, the representation of FLCF was revisited in order to characterize the formability gain in some innovative processes, like the single point incremental forming (SPIF) process. For SPIF, greater deformability can be achieved than for traditional sheet metal forming processes. The onset of necking is delayed and the forming of the part fails by fracture. It is shown that the forming limit strains at fracture under different strain paths can be fitted by a straight line which is called Fracture Forming Limit line (FFL) [5, 6] . This concept was also adopted by the recent study of Isik et al. [7] .
Many experimental methods have been used to obtain the FLCF. Isik et al. [7] have used several conventional sheet tests (tensile test, bulge test (circular and elliptical), Nakazima test and hemispherical dome test) to produce various strain paths to construct the FLCF of an aluminium AA1050-H111. The forming limit strains at fracture can be fitted by a straight line. Moreover, the FLCF of the aluminium AA1050-H111 was also determined by the SPIF of truncated conical and pyramidal parts. The forming limit strains at fracture produced by SPIF can also be fitted by a line which is in excellent agreement with the one obtained from the conventional sheet formability tests. A similar approach was also adopted to plot the FLCF of the AISI304L stainless [8] . All these methods to plot the FLCF require many sheet tests and various geometrical specifications to produce the strain paths from equibiaxial to uniaxial tension. Using the biaxial tensile testing with cruciform specimens to determine the FLCF could be an interesting alternative to overcome some drawbacks of the conventional methods. Firstly, the biaxial test with a cruciform specimen is frictionless and the results are not influenced by bending. Secondly, the strain path during the test can be directly controlled by the motion of four independent actuators, which is sufficient to cover the whole forming limit diagram under linear [9, 10] and non linear [11] strain paths, with the same shape of cruciform specimen.
Failure in metalworking usually occurs as ductile fracture, rarely as brittle fracture [12] . Failure can be distinguished in two broader categories depending on the scale of interest of the material: microscopic or macroscopic [13] . The experimental determination of the FLCF is a time consuming process and requires specific equipments that may not always be available, while the numerical simulation method with ductile fracture criteria can be very efficient to predict the forming limits at fracture [14] . Physical observations and micromechanical analyses have led to the development of a number of phenomenological or micro/meso-mechanical motivated ductile fracture criteria. These criteria are classified into coupled (which incorporate damage accumulation into the constitutive equations) and uncoupled (which neglect effects of damage) categories [15] . The coupled ductile fracture criteria are based on micro-damage mechanics built upon the macroscopic yield surface for porous materials [16] , or based on continuum damage mechanics [17] . The uncoupled ductile criteria are formulated empirically or semi-empirically with the general function f in terms of certain macroscopic variables such as the equivalent plastic strain, tensile stress or hydrostatic stress, which are relevant to fracture initiation and propagation, as follows:
whereε f andε p are respectively the equivalent strain at fracture and the equivalent plastic strain, C is the critical value for fracture. The fracture is assumed to occur when the internal damage reaches a critical value and results in a sudden loss of load carrying capability of the structure [18, 19] . The utilization of the uncoupled ductile criteria does not account for the progressive deterioration of the material, which is easier to implement and to calibrate than microscopic failure criterion. Moreover, it can provide good estimates of fracture loci in the principal strain space. Various ductile fracture criteria have been proposed and can be used to predict both the fracture initiation sites and the forming limits at fracture. Clift et al. [20] have reviewed commonly used ductile fracture criteria and predicted the fracture initiation for three metalforming operations. The results show that only the fracture criterion with a critical value of generalized plastic work per unit volume can successfully predict the fracture initiation sites. Takuda et al. [21] have compared four ductile fracture criteria (Cockroft and Latham, Brozzo, Oyane, Clift) to predict the forming limits for the axisymmetric deep drawing of various aluminium alloys (AA1100, AA2024 and AA5052) and mild steel sheet (SPCC). The results showed that various fracture initiations, with or without localized necking, are successfully predicted with Clift criterion. Mishra et al. [22] have also used four fracture criteria (Cockroft and Latham, Brozzo, Ayada, Rice and Tracey) to predict the onset of fracture in bending of DP980 steel sheet. The critical values of the criteria were identified by uniaxial tensile test. It is concluded that fracture in bending can be fairly well predicted by using either Rice and Tracey criterion or Ayada criterion.
Many researchers have adopted these ductile fracture criteria to build FLCF. Ozturk et al. [14] have used several criteria to predict the FLCF for AKDQ steel sheets. The predictions of limit strains at fracture for the left hand side of the FLCF are quite successful, while they are not precise for the right hand side. Takuda et al. [3] have used Oyane ductile fracture criterion to predict the FLCF for biaxial stretching of aluminium alloy sheets (AA1100 and AA5182). Material constants for the criterion are obtained from the fracture strains measured in the biaxial stretching test. By considering strain paths from uniaxial tension to balanced biaxial stretching, the FLCFs were approximately linear and can be successfully predicted by the fracture criterion. However, the FLCF of AA6111 measured by Jain et al. [23] had a rather complex shape approaching the FLCN towards the equibiaxial strain paths. The results showed that the various ductile fracture criteria with the integrated form could not completely predict the shape of the experimental FLCF, while the maximum shear stress criterion by Tresca predicts reasonably well the fracture limits from uniaxial to quasi-equibiaxial strain paths. To improve the predictions, an empirical ductile fracture criterion combining Cockroft and Latham criterion with the maximum shear stress criterion was proposed by Han et al. [4] .
The aim of this study is twofold. The first objective is to show that the in-plane biaxial tensile test associated with a single type of cruciform specimen permits to investigate the forming limit strains at fracture under a wide range of strain paths. The experimental procedure and results are summarized in the following section. The second objective is to discuss the validity of classical ductile fracture criteria to predict the onset of fracture for aluminium alloy 5086 in finite element simulation of the in-plane biaxial tensile test. The last section is dedicated to this discussion.
Experimental procedure and results

Cruciform specimen design and experimental device
To carry out in-plane biaxial tensile tests, the design of the cruciform specimen remains the main difficulty to overcome. Various shapes of cruciform specimen have been proposed, depending on the mechanical behaviour to be characterized : yield locus, hardening model identification, determination of FLCN. Recently, a new standardized cruciform shape with seven slits in each arm has been proposed by the International Organization for Standardization (ISO) [24] . This standard specifies the testing method for measuring the biaxial stress-strain curves of sheet metals subject to biaxial tension at an arbitrary stress ratio. The measured biaxial stress-strain curves are used to determine contours of plastic work of the sheet samples. This standard is based on the research work of Kuwabara et al. [25] . Unfortunately, this shape cannot be used for investigating the forming limit strains at fracture since the strain level measured in the central zone is very low, fracture systematically appears in the arms.
As shown in Figure 2 , a dedicated cruciform specimen for obtaining large strains in the center was proposed by the authors [10] to plot FLCN. This geometry permits a direct control of the strain path in the fracture zone thanks to the control of the displacements of four independent actuators acting on the four arms of the specimen. For the specimen, two steps of thickness reduction are adapted in the central region. The first thickness reduction is a circle with an arc profile in the sheet thickness. The second thickness reduction is a square with edges parallel to the arms. Four slits are added on arms to reduce their transverse rigidity and eliminate geometric constraints. All the cruciform specimens are made from AA5086H111 sheet blanks with a 4mm initial thickness. The central region of the specimen is manufactured by using a digital numerical turning-lathe, with a precision of 0.02 mm for the central thickness. The effect of the machining process on the determination of the limit strains was evaluated and it was shown that this effect was included in the intrinsic scattering resulting from the determination of unstable behaviours like necking or rupture. The experimental device is a servo-hydraulic testing machine provided with four independent dynamic actuators allowing biaxial tensile tests on cruciform specimens following two perpendicular axes. Different strain paths are obtained (from uniaxial to equibiaxial stretching), a velocity of 1mm/s is fixed for one axis (rolling direction of the sheet), and the velocity varies from free to 1 mm/s for the 6 other one.
Method to detect the onset of fracture
Classically, the forming limit strains at fracture are obtained by the circlegrid analysis. A grid of circles (usually a diameter between 2 and 5mm) is imprinted on the surface of the blanks before forming. The limit major and minor strains are calculated by the ellipses near or at the fracture site, after the test. Such method suffers from sensitivity to the initial size of the circles in the neighborhood of the crack and the evolution of strain field is not followed during the test. The Digital Image Correlation (DIC) is used here to evaluate the strain components at the surface sample from the beginning of the test to fracture. A fast camera associated with a macro lens is used to capture the consecutive images and an acquisition of 250 images/s is adopted. The commercial digital imaging program CORRELA2006 is employed to evaluate the surface strains of the specimen.
A time-dependent method based on the evolution of major strain and on the observation of the macroscopic image of specimen surface is proposed to identify the onset of fracture and the forming limit strains at fracture. The evolution of major strain is followed in the crack zone, located in the central zone (2.4×2.4mm size) of the specimen (Figure 3 ). The evolution of major strain in the central zone under equibiaxial stretching is plotted in Figure  4 . The strain versus time curve is typical of Portevin-Le-Chatelier (PLC) effects, with steps on the strain evolution, this phenomenon is well known for 5000 series aluminium alloys. In the central zone, the level of major strain increases with time and an abrupt change can be observed at last. As shown in Figure 5 , a macroscopic crack appears when the abrupt change of major strain happens. The appearance of macroscopic crack is accompanied with an abrupt increase of major strain in a very short time (0.004s). More strain paths are considered for the proposed method to identify the onset of fracture. Same phenomena are observed in Figure 6 under plane-strain tension and in Figure 7 under uniaxial tension. In the present work, the major and minor strains of the central zone at the time just before onset of macroscopic fracture are defined as the forming limit strains at fracture.
Forming limit curve at fracture
The strain path at the central point of the cruciform specimen is directly linked to the velocity ratio of actuators. They remotely act on the central zone of the specimen and strain ratio in the centre is not exactly the same as the one for imposed velocities. The small difference is linked to the heterogeneous shape of the specimen and to the elastoplastic behaviour of material (mainly anisotropy). As shown in Figure 8 , experiments are carried out under various strain paths from uniaxial to equibiaxial stretching. Dashed lines indicate the followed strain paths under equibiaxial, plane-strain and uniaxial tension, respectively. All the strain paths are quasi-linear for a constant speed ratio. A velocity of 1mm/s is fixed for the rolling direction of the sheet and the velocity in the transverse direction is respectively set to free, 0.05mm/s, 0.25mm/s, 0.5mm/s, 0.75mm/s and 1mm/s. The solid markers represent the forming limit strains at fracture identified by the above-mentioned time-dependent method, under the different strain paths.
Due to the good ductility of AA5086 [1] and as described by the Fracture Forming Limit line concept (FFL), the forming limit strains at fracture can be fitted by a straight line falling from left to right with the least-squares method (Eq. 2). Based on the experimental results (Figure 8 ), k = −1.13 and A = 0.58 (R-squared value of 0.89).
For comparison, Figure 9 shows limit strains at necking and at fracture for the same specimens. Forming limit strains at necking have been deter- mined by fulfilling the standard requirements concerning the use of a positiondependent method [11] . As expected, limit strains at fracture are higher than the limit strains at necking, especially for plane-strain conditions. For uniaxial and equibiaxial stretching, necking is rapidly followed by a crack onset. One can notice the high level of major strain at necking for uniaxial tension (between 60 and 70%). This point has been widely discussed in [9] . Due to the specimen geometry, the mechanisms of the necking onset are different in the in-plane biaxial test and in the conventional Marciniak test. This difference can explain the improvement of formability observed with the cruciform shape. For the cruciform shape the forming limit criterion detects the onset of localized necking whereas for the Marciniak test it is activated during the diffuse necking stage, prior to localized necking. Moreover, in narrow specimens of the Marciniak test (not really representative of the complex shape of industrial parts under uniaxial tension), the appearance of diffuse necking probably accelerates the onset of localized necking. For the cruciform shape, the in-plane strain evolutions are relatively stable before localized necking. 
Prediction of forming limit curve at fracture
Numerical model
As shown in Figure 10 , a predictive model for forming limit strains at fracture has been built by modeling the cruciform specimen shape with the finite element (FE) method. FE simulations have been carried out with the commercial software ABAQUS (implicit solver). Only one-quarter of the specimen is analyzed for considering the symmetry of the specimen geometry. Tetrahedral elements are used (more than 130000 elements) and a refined mesh (average mesh size of 0.25mm) is assumed where fracture may appear. Different displacement ratios are imposed on the two orthogonal directions to reproduce the experimental strain paths.
To describe the material elasticity, a Young's modulus of 73022MPa and a Poisson's ratio of 0.33 are considered. Hill48 yield criterion for plane stress condition is adopted and the equivalent stressσ is expressed by a quadratic function of the following type:
The parameters of Hill48 yield criterion for AA5086 were identified by present authors [26] . As shown in Table 1 , three anisotropic coefficients (r 0 , r 45 and r 90 ) were obtained by uniaxial tensile tests carried out along the rolling, diagonal and transverse directions. Constants F, G, H, and N for plane stress conditions are calculated from the three plastic anisotropic coefficients. A modified form of Voce's hardening law [27] has been adopted to limit the saturating behaviour of classical Voce's formulation:
Using a dedicated cruciform specimen, an experimental biaxial flow stress curve for AA5086 up to 30% of the equivalent plastic strain has been obtained by the authors [27] . The parameters σ 0 , K and n were identified (Table 2) for Hill48 yield criterion thanks to an inverse procedure. Table 2 : Identified parameters of hardening law [27] σ 0 (M P a) K (MPa) n 153.62 249.75 3.392
Ductile fracture criteria
In order to predict limit strains at rupture with the above numerical model, three existing ductile fracture criteria from literature are selected : Cockroft and Latham, Brozzo and Ayada. Various stress tensor invariants, such as the maximum principal stress σ max , the equivalent stressσ and the hydrostatic stress σ h are involved in these criteria. For each criterion, only one parameter needs to be identified. It is assumed that fracture would occur when the parameter C i (i=1, 2, and 3) reaches a critical damage value.
The classical Cockroft and Latham criterion [28] is not based on a micro mechanical model of fracture but depends on the critical value at fracture upon the level of maximum principal stress (Eq. 5).
The Cockroft and Latham criterion was modified by Brozzo et al. [29] and the effect of hydrostatic stress in an explicit form was introduced as follows:
Finally, the criterion from Ayada et al. [30] is also considered (Eq. 7). The fundamentals of this criterion are based on the work of McClintock [31] , in which a relation between the inter-hole spacing, the diameter of the hole (particle/inclusion) and stress triaxiality at the onset of fracture under tension loading is established. This criterion includes the effect of hydrostatic stress and has proved its efficiency for some forming operations [22] .
Results
The damage value C i of the three criteria can be calculated at each step of the finite element simulation. The numerical forming limit strains at fracture under the different strain paths are identified by the same critical damage value. All these forming limit strains will be used to produce a numerical FLCF. For the calibration of the critical damage value, the experimental forming limit strains under uniaxial, plane-strain and equibiaxial stretching are respectively considered and compared. Figure 11 shows the FLCFs calculated with the three criteria when the critical damage value is calibrated with experimental forming limit strains under equibiaxial stretching. The FLCFs from Cockroft and Latham criterion and Ayada criterion are approximately described by a linear shape, while the FLCF identified by Brozzo criterion shows a curve profile. A good correlation is found with the Ayada criterion whereas Cockroft and Latham criterion and Brozzo criterion respectively underestimates and overestimates limit strains. The FLCFs identified by the three criteria for a calibration under plane-strain and uniaxial tension are shown in Figure 12 and Figure  13 , respectively. The critical damage values of the criteria under the various strain paths are shown in Table 3 . For the right hand side of the forming limit diagram (positive minor strains), the correlation between experimental limit strains and the ones from Ayada criterion is excellent, the calibration of C 3 gives the same results for plane-strain or equibiaxial stretching. For the three criteria, the prediction is reasonable when the calibration of critical damage value is done under plane-strain tension ( Figure 12 ). But when the calibration is made with experimental limit strains under uniaxial tension, which is usually the case when only uniaxial experiments are available, the predictions under the expansion mode are very imprecise and strongly overestimated for the three criteria. Globally, for this aluminium alloy, Ayada criterion gives the best predictions and it is recommended to calibrate the critical damage values under plane strain condition. In the present work, the classical Hill48 yield criterion was used from a practical point of view. As it was shown in [26] , the Hill48 gives a reasonable description of AA5086 anisotropy but the use of a complex anisotropic yield criterion, like the one from Bron and Besson, can improve this description (mainly under equibiaxial conditions). In order to evaluate the impact of the choice of the yield criterion, we propose to compare the prediction of FLCFs by using the Hill48 criterion and the isotropic Mises criterion. The best 
Conclusions and perspectives
In this work, the in-plane biaxial tensile test with a dedicated cruciform specimen has been used to investigate the fracture in sheet metal forming. The experimental results show that only one shape of specimen permits to reach strain paths from uniaxial to equibiaxial stretching, by piloting the velocity of actuators on the two perpendicular axes of the experimental device. For AA5086, the forming limit strains at fracture can be identified by a time-dependent method combining the evolution of major strain with the observation of the macroscopic crack at the specimen surface. In accordance with the Fracture Forming Limit line concept, the forming limit strains at fracture under the different strain paths can be fitted by a straight line.
The numerical predictions of FLCFs with three fracture criteria from literature can give very different results, depending on the experimental forming limits chosen to calibrate the critical damage value. The Ayada criterion gives the best result and is insensitive to the experimental limit strains used for calibration in the expansion mode.
Linear strain paths are considered in this study but complex loading paths are generally observed in actual forming processes. The presented procedure is really promising since the control of the strain path in the fracture zone is made by the displacements of the four independent actuators of the device. As a result, non-linear strain paths, without unloading, can be studied and the pertinency of fracture criteria can be evaluated for complex loadings.
-An in-plane biaxial tensile test is proposed to determine limit strains at fracture -Strain path is controlled by displacements in two directions of cruciform specimen -Comparison of numerical forming limit strains with three ductile fracture criteria -Critical damage values identified by experimental results under various strain paths
